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Fluoroquinolones are a class of synthetic antibacterial agents, which are known for their broad spectrum of antibacterial activity. These compounds are derived from nalidixic acid and naphthyridine derivatives, which have been introduced for clinical applications in the livestock and farming industries. 1 In this work, two important fluoroquinolones, namely enrofloxacin (1-cyclopropyl-7-(4-ethyl-1-piperazinyl)-6-fluoro-1,4-dihydro-4-oxo-3-quinolonecarboxylic acid) and ciprofloxacin (1-cyclopropyl-7-(1-piperazinyl)-6-fluoro-1,4-dihydro-4-oxo-3-quinolinecarboxylic acid), were investigated and quantitatively analyzed by voltammetric methods. In several animal species, including pigs, enrofloxacin (ENRO) is de-ethylated to its primary metabolite, ciprofloxacin (CIPRO), 2 and both ENRO and CIPRO are found in the bile and urine of animals receiving ENRO. 3 Several analytical techniques have been used for the determination of ENRO and CIPRO (Table 1) , including liquid chromatography, [4] [5] [6] [7] capillary electrophoresis with diode array detection, 8 and molecularly imprinted matrix solid-phase dispersion. 9 Electrochemical methods, such as polarography and voltammetry, have high sensitivity and are widely used in many areas of analytical chemistry.
Recently, cathodic adsorptive stripping voltammetry on a static mercury drop electrode and principal-component regression have been applied for the determination of ENRO in the presence of CIPRO 10 at trace levels. However, the linear dynamic range of the method is too narrow, and the toxicity of mercury (as an electrode) has caused its application in routine laboratories to decline. At more negative potentials, many biological compounds are adsorbed on the surface of the Hg-electrode, diminishing the selectivity of the method. 10 On the other hand, simultaneous voltammetric determinations of ENRO and CIPRO have not been reported, since ENRO affects the oxidation potential of CIPRO and vice versa. Therefore, the direct determination of CIPRO in the presence of ENRO is not possible by univariate calibration methods.
In this work, linear sweep voltammetry (LSV) used for the first time with a multiwall carbon nanotubes/glassy carbon electrode (MWCNT/GCE) provides a sensitive method for the determination of ENRO or CIPRO in the presence of the other without any pretreatment or separation. When MWCNT/GCE is used as a working electrode in the voltammetric method, ENRO affects the oxidation potential of CIPRO, whereas CIPRO does not affect that of ENRO. Because it was possible to measure ENRO without any interfering effect of CIPRO, a least-squares support vector machine (LS-SVM) model was constructed in this study to relate a CIPRO voltammogram to its concentration. The model predicts CIPRO concentration in both spiked human plasma and pharmaceutical samples. The proposed methodology is fast and simple, while it does not generate hazardous chemical wastes.
Theory of Least Square Support Vector Regression
Support vector machines (SVMs) based on statistical learning theory were introduced by Cortes A simple and sensitive method is proposed for the electrochemical determination of enrofloxacin (ENRO) and its primary metabolite ciprofloxacin (CIPRO) at a multiwall carbon nanotubes/glassy carbon electrode (MWCNT/GCE) using a least-squares support vector machine (LS-SVM) and linear sweep voltammetry. Simultaneous determination of ENRO and CIPRO at bare glassy carbon is associated with certain difficulties due to voltammogram overlapping and their low sensitivity. The resolution of the mixture was carried out using LS-SVM as a multivariate calibration method. Under the optimum conditions at pH 7.0, the linear sweep currents increased linearly with ENRO and CIPRO concentrations in ranges of 2.0 -780.0 μmol L -1 (0.7 -280.3 μg mL -1
) and 3.0 -1200 μmol L -1 (1.0 -397.7 μg mL -1
), respectively. The detection limits for ENRO and CIPRO were 0.5 and 0.9 μmol L -1 , respectively. The proposed method was applied to simultaneously determine both compounds in human urine, plasma and in pharmaceutical samples. 
The best relation is attained when the cost function (Q) containing a penalized regression (ei) error term is minimized:
subject to
where φ denotes the feature map, ω is a weight decay, which is used to regularize the weight, sizes and penalize large weights and b0 is the model offset. The second part of the cost function is used to minimize the error of training data. SVMs regression is based on kernel substitution, where X is replaced by a [n × n] kernel matrix (K). K is defined as
where ki,j is defined by the kernel function,
Kernel functions are defined as any function in the input space corresponding to an inner product in some feature space. There are a number of kernels that can be used in support of vector machines. These include linear, polynomial, radial basis function (RBF) and sigmoid. The RBF, exp( )
2σ is by far the most popular choice of kernel types because of their localized and finite responses across the entire range of the real x-axis. In order to achieve a good generalization model, it is important to do careful tuning of the RBF kernel constant, σ, and regularization constant, γ, for training data.
The implementation of LS-SVM requires the specification of only two parameters: kernel parameter and gamma, which controls the tradeoff between maximization of the margin width and minimizing the number of missclassed samples in the training set. If parameters were not properly selected, over-fitting and/or under-filling phenomena might occur. The model can be trained by solving the linear Krrush-Kuhn-Tucker (KKT) system
where I refer to an [n × n] identity matrix, In is a [n × 1] vector of ones, 1/γ corresponds to a regularization parameter, such that increasing 1/γ places a greater significance on reducing the rms magnitude of the model coefficient and y is a vector of a reference value. The solution of Eq. (6) can be found using the most standard methods of solving a set of linear equations.
Experimental
Instrumentation and software All electrochemical experiments, including LSV, were performed using a Metrohm instrument (Swiss), Model 797 VA processor. A conventional three-electrode system was used for all electrochemical experiments, which consisted of a working electrode (MWCNT/GCE), a platinum wire counter electrode, and an Ag/AgCl (3.0 mol L -1 KCl) as the reference electrode. A GCE with a formal surface area of 0.0314 cm 2 was used as the working electrode. All potentials reported are vs. Ag/AgCl.
A Corning pH-meter (Model 140), with a glass electrode (conjugated with an Ag/AgCl reference electrode, Model 6.0232.100) was used to determine pH values of the solutions.
Free LS-SVM toolbox (LS-SVM Ver. 1.5, Suykens, Leuven, Belgium) was used with MATLAB to derive all LS-SVM models.
Reagents
All of the chemicals were of analytical grades, and doubly distilled water was used throughout. All of the reagents including ENRO and CIPRO were purchased from Sigma-Aldrich (Milwaukee, USA).
A stock solution of ENRO (0.010 mol L -1 ) was prepared daily by dissolving 0.0367 g of ENRO in a 0.01 mol L -1 HCl solution in a 10-mL volumetric flask. A working solution of the substance was prepared daily by appropriate dilution of the stock solution with water.
A CIPRO stock solution (0.010 mol L -1 ) was prepared daily by dissolving 0.039 g of CIPRO in water in a 10-mL volumetric flask. A working solution of the substance was prepared daily by appropriate dilution of the stock solution with water.
Phosphate buffer solutions (PBS) different pH levels were prepared by mixing 0.10 mol L -1 Na2HPO4 and 0.10 mol L -1
NaH2PO4 solutions. The pH values of the sample solutions were adjusted using the buffer solution and/or the 0.10 mol L -1 NaOH solution.
MWCNTs were bought from Iran Research Institute of Petroleum Industry, which were synthesized by chemical vapor deposition (CVD) with a diameter of 8 -15 nm, a length 50 μm and a purity of 95%.
Preparation of MWCNT suspension and modified GCE
To eliminate any oxide catalysts within the nanotubes, the MWCNTs were refluxed in 100 mL of 2.0 mol L -1 HNO3 for 15 h, and then washed twice with distilled water and dried at room temperature. 13 The purified MWCNTs were dispersed in acetonitrile (1.0 mg MWCNTs per 1.0 mL) using ultrasonic agitation to obtain a black suspension. The GCE was carefully polished with 0.05 μm alumina slurry on a polishing cloth, and was then washed in an ultrasonic bath of methanol and water, respectively. The cleaned GCE was coated by casting 120 μL of the black suspension of MWCNTs and dried in an oven at 60 C.
The areas of the MWCNTs modified GCE and the bare GCE were obtained using a 1.0 mmol L -1 K3Fe(CN)6 solution as a probe at different scan rates. For a reversible process, the Randles-Sevcik 14 formula has being used
where Ipa refers to the anodic peak current, A the surface area of the electrode, DR the diffusion coefficient, n the electron transfer number, C0 the concentration of K3Fe(CN)6 and ν the scan rate. For 1.0 mmol L -1 K3Fe(CN)6 in a 0.10 mol L -1 KCl electrolyte: n = 1 and DR = 7.6 × 10 -6 cm s -1 , then from the slope of the Ipa -ν 1/2 relationship, the microscopic area was calculated. The results showed that for the bare GCE, the electrode surface area was found to be 0.0314 cm 2 , whereas it was 0.3610 cm 2 for the MWCNT/GCE, which was nearly 11.5-times greater than that of the bare GCE.
Procedure
Ten milliliters of the buffer solution (pH 7.0) were transferred into an electrochemical cell using a three-electrode system. Then, the linear sweep voltammogram was recorded from +0.40 to +1.10 V with a potential scan rate of 10 mV s -1 . The peak current was measured and recorded as a blank signal (Ipb). After recording the background voltammogram, aliquots of the sample solution containing ENRO and CIPRO were introduced into the cell. Then, a linear sweep voltammogram was recorded again, as described above, to give the sample peak current (Ips). All of the data were obtained at room temperature. The difference in the sample and the blank current (∆Ip = Ips -Ipb) was considered to be a net signal for each of the species. Calibration graphs were prepared by plotting the net peak currents vs. ENRO or CIPRO concentrations in the solution.
Real sample preparation
Aliquots (7.2 mL) of the ENRO drugs including injectable (Enrofan 5%, Erfan Daru Co., Iran) and 3.6 mL of oral (ENRO 10%, Damayaran Co., Iran) solutions were directly transferred into a 100-mL volumetric flask, followed by making up to volume with distilled water. Then, 20 μL of the solution plus ENRO was mixed in a 10-mL volumetric flask and made up to volume with the buffer solution (PBS), which were then used for analysis according to the recommended procedure.
For tablet analysis, five tablets of ciprofloxacin (labeled 250 mg ciprofloxacin hydrochloride per tablet from Razak Co., Iran Laboratories) were completely ground and homogenized.
Then, 55 mg of the powder was accurately weighed and dissolved in 10 mL of deionized water by sonication for 4 min. Finally, 25 μL of the solution plus 10 mL of the buffer solution (pH 7.0) were transferred into the electrochemical cell and the CIPRO content was measured using the recommended procedure.
Plasma samples were obtained from a healthy volunteer and stored frozen until the assay. Into each of seven centrifugation tubes, 1.0 mL of spiked human serum or plasma, containing various concentrations of ENRO and CIPRO was transferred, and then mixed well with 4.0 mL of methanol to precipitate the proteins.
The precipitated proteins were separated by centrifugation for 25 min at 2000 rpm. A clear supernatant layer was filtered through a 0.45-μm Millipore filter. A 0.5-mL portion of the supernatant was transferred into a voltammetric cell containing 9.5 mL of phosphate buffer (pH 7.0). Then, the ENRO and CIPRO contents were quantified according to the proposed voltammetric procedure, the recommended procedure, and the LS-SVM method.
Urine samples were analyzed directly after 2-times dilution with the buffer solution (pH 7.0) without any further pretreatment. Then, an aliquot 10 mL of this test solution was transferred into the electrochemical cell and the ENRO and CIPRO contents were determined according to the recommended procedure.
Results and Discussion

Electrochemical behavior ENRO and CIPRO on MWCNT/GCE
The ENRO and CIPRO oxidation processes were studied using cyclic voltammetry.
None of the voltammograms displayed any obvious oxidation peak. This indicates irreversible electrochemical reactions of these compounds. Compared with a GCE, cyclic voltammetry of ENRO and CIPRO at MWCNTs in the phosphate buffer solution showed enhanced electrooxidation signals (Fig. 1) . The peak potentials were almost the same for both electrodes at about 0.74 and 0.83 V for ENRO and CIPRO, respectively. According to the results, two anodic peaks were observed for ENRO at potentials of 0.74 and 0.83 V (Ag/AgCl), the second of which overlapped with the CIPRO anodic peak. This is while CIPRO did not affect the first oxidation potential of ENRO. This was due to the fact that the second ENRO oxidation peak potential overlapped with the first oxidation peak potential of CIPRO. In this way, we were able to measure ENRO without any interfering effect of CIPRO; however, for CIPRO determination, an LS-SVM model was constructed to relate the voltammogram of CIPRO to its concentration. However, the peak currents were sharper, and increased significantly at MWCNTs/GCE. The characterization of the MWCNTs film on GCE was investigated using the SEM method (Fig. 2) . It is obvious that the MWCNTs were distributed uniformly on the surface of the GCE. Spaghetti-like MWCNTs formed a porous structure.
The entangled cross-linked fibrils offered a highly accessible surface area. This was due to the fact that MWCNT increased the electrode surface area. The suitable electronic properties of MWCNTs suggest they have the ability to promote charge-transfer reactions when used as an electrode. 15 
Effect of variables on the peak potentials and peak currents
The peak potential and the peak current closely depend on the pH of the sample solution.
Cyclic voltammograms of 100.0 μmol L -1 ENRO and 100.0 μmol L -1 CIPRO were obtained in buffer solutions with a pH range of 2.0 -11.0 (Fig. 3) . The results show that the peak currents are almost constant from pH 3.0 to 8.0, decreasing onwards for pH levels greater than 8.0. The results also showed that the solution pH increased, the oxidation peak potentials shifted negatively. Thus, a pH of 7.0 for the phosphate buffer was selected for further experiments. A relationship (relating Ep to pH for MWCNTs/GCE) was obtained with a slope of 0.058, indicating that the total numbers of electrons and protons taking part in the charge transfer were the same for ENRO and CIPRO (n = 2). This finding was in agreement with those reported for the oxidation of fluoroquinolones, such as norfloxacin. 16 The effects of the scan rate on the peak currents and the peak potentials of ENRO and CIPRO at the modified GCE were investigated in a 0.1 mol L -1 PBS using LSV in the presence of 100.0 μmol L -1 ENRO and 100.0 μmol L -1 CIPRO. The results showed that the anodic peak currents of both compounds increased linearly with the square root of the scan rate, while the ENRO and CIPRO overlap also increased. Thus, a scan rate of 10 mV s -1 was selected as the optimum for the simultaneous determination of ENRO and CIPRO to prevent their overlapping.
In order to obtain information on the rate-determining step, a Tafel plot was developed for the modified electrode using data derived from the raising part of the current-voltage curve. The slope of the Tafel plot is equal to n(1 -α)F/2.3RT. In regard to the dependence of the peak potential on the scan rate (5.0 -100.0) mV s -1 for n = 2, α was calculated as 0.33 for ENRO and 0.31 for CIPRO.
Univariate and multivariate calibration graphs
Under the optimized conditions and using the univariate method, the calibration graphs for ENRO concentrations of 2.0 -780.0 μmol L -1 were linear with a correlation equation of Ip (μA) = 0.2345CENRO + 4.7431 (r 2 = 0.998, n = 9), and for CIPRO concentrations of 3.0 -1200 μmol L -1 were Ip (μA) = 0.1572CCIPRO + 6.7819 (r 2 = 0.997, n = 9), where C is the concentration of ENRO and/or CIPRO expressed as μmol L -1 . The calibration graphs for ENRO and CIPRO are shown in Fig. 4 .
The relative standard deviations for five replicate determinations were calculated as 1.58 and 1.54% for 100.0 μmol L -1 ENRO and CIPRO, respectively. The determination of ENRO in the presence of CIPRO was performed using the univariate calibration method. The results showed that the concentration of CIPRO had no effect on the slope of the ENRO calibration curve (Fig. 5A) . However, ENRO interfered with the determination of CIPRO (Fig. 5B) , indicating their intermolecular effects. To overcome the problem of ENRO's interference with CIPRO determination, LS-SVM as a multivariate calibration method was used. Optimization of the parameters γ and δ 2 is the first step in obtaining optimal LS-SVM models. LS-SVM was performed using a radial basis function (RBF) as the kernel function. A training set of 20 samples was taken. Then, the root-mean-square error of cross validation (RMSECV) was calculated for each combination of γ and δ 2 . Finally, gamma and sigma values were selected that yielded a minimum in RMSECV. The optimum pairs of (γ, δ 2 ) obtained for CIPRO were (480, 210). The prediction ability of the constructed models was evaluated using the validation set (the synthetic mixture) to calculate the relative standard errors of the predictions (RSEP) ( Table 2) :
where, Yi is the observed concentration and Y1 is the predicted value of concentration. Table 2 gives the RMSEP and RSEP for CIPRO in a synthetic mixture. The detection limit was defined as 3σ0 (three-times the standard deviation in the predicted concentration), 17 and was found to be 0.5 μmol L -1 for ENRO and 0.9 μmol L -1 for CIPRO using the LS-SVM method.
Interference study
To evaluate the selectivity and then the applicability of the proposed method, interference effects of some organic and inorganic compounds commonly present in human serum and pharmaceutical samples were studied by recovering 5.0 μmol L -1 of ENRO and/or CIPRO in the presence of interfering substances. The tolerance limit was taken as the maximum concentration of foreign substances, which caused a relative error of approximately ±5% in the determination of 5.0 μmol L -1 ENRO and/or CIPRO at pH 7.0. An interference study was conducted by exposing the MWCNT/GCE in a solution containing ENRO and/or CIPRO at pH 7.0. The LSV responses resulting from ENRO and/or CIPRO in the presence of the interfering substances were compared with those obtained for ENRO and/or CIPRO alone. The results showed that 500-fold of urea, Mg 2+ and Ca 2+ ; 300-fold of fructose, sucrose, glucose, glycine, carbonate, and valine; 100-fold of aspartic acid and ascorbic acid; and 60-fold of cysteine and uric acid did not interfere with ENRO and/or the CIPRO determination. It is clear that no interference occurred with such common substances as glucose, fructose, carbonate, starch, uric acid, ascorbic acid, and cysteine neither with such ions as K + , Ca 2+ , and Mg 2+ . 
Analysis of Real Samples
In order to evaluate the accuracy of the proposed method, three pharmaceutical samples were analyzed for the simultaneous determinations of ENRO and CIPRO. In addition, the method was employed for determining the same compounds in spiked plasma samples (Table 3 ). The good recoveries of the mixture samples indicated the successful application of the proposed method for the simultaneous determinations of ENRO and CIPRO. In addition, we tested the real applicability of MWCNT/GCE for the simultaneous determinations of ENRO and CIPRO in pharmaceutical samples and in spiked plasma samples. The results were also compared with those obtained from HPLC-UV at 277 nm in an air-conditioned laboratory. 18 These results show that the performance of the models was satisfactory. Statistical analyses of the results using the student t-test and the variance ratio F-test were used to compare the two methods concerning their accuracy and precision, which revealed the potential applicability of the proposed method.
Conclusion
A new voltammetry method was introduced for the simultaneous determinations of ENRO and CIPRO. A linear sweep voltammetric method combined with LS-SVM as a multivariate calibration method was found to be suitable for the simultaneous determinations of the two fluoroquinolone compounds. The advantages of the proposed method are sensitivity, speed, and simplicity. The system shows good reproducibility and accuracy for the determination of these drugs in spiked plasma and pharmaceutical samples. 
